Electron irradiation experiments have investigated the diverse electron-induced optical and electrical signatures observed in ground-based tests of various space observatory materials at low temperature. Three types of light emission were observed: (i); long-duration cathodoluminescence which persisted as long as the electron beam was on (ii) short-duration (<1 s) arcing, resulting from electrostatic discharge; and (iii) intermediate-duration (~100 s) glow-termed "flares". We discuss how the electron currents and arcing-as well as light emission absolute intensity and frequency-depend on electron beam energy, power, and flux and the temperature and thickness of different bulk (polyimides, epoxy resins, and silica glasses) and composite dielectric materials (disordered SiO 2 thin films, carbon-and fiberglass-epoxy composites, and macroscopically-conductive carbon-loaded polyimides). We conclude that electron-induced optical emissions resulting from interactions between observatory materials and the space environment electron flux can, in specific circumstances, make significant contributions to the stray light background that could possibly adversely affect the performance of space-based observatories.
INTRODUCTION
New and proposed space-based observatories potentially subject optical elements and ancillary support structures to significant space environment electron fluxes 1 . An open architecture and minimal shielding are often required for such large space-based observatories, due to size and mass constraints. The open structure exposes large areas of optical elements and surrounding support structures to electron fluxes and also permits stray light to enter the optical path of the telescope 2 . Exposure to environmental electron fluxes can lead to enhanced accumulation of charge (particularly at low operating temperatures) 3 . This can also enhance the possibility that electron-induced optical emission can lead to performance degradation unless steps are taken to mitigate this risk.
The principle question addressed in this paper is: Can electron-induced optical emissions resulting from interactions of space environment electron fluxes with observatory materials make significant contributions to the stray light background that could adversely affect the performance of space-based observatories? The relative importance of electron-induced light emission for spaced-based observatories is determined by comparison of the light intensity produced by relatively low-level space plasma fluxes to both external and internal sources of background light levels 1, 4 .
Significant contributions to the background light levels of some space-based observatories have been identified as the external celestial sky background and thermal self-emission of optical components within the observatories 5, 6 . The celestial sky background is comprised of: (i) a contribution from sources beyond our solar system referred to as the galactic background and (ii) a contribution from sources within our solar system referred to as the zodiacal background, which includes reflected sunlight and thermal emissions from interplanetary zodiacal dust. In addition, Earth and lunar glow backgrounds result from similar reflection of sunlight reflected from the Earth and moon scattering off of zodiacal dust. Ferguson et al. discuss these background sources in near Earth orbits, and conclude that under many observation conditions the zodiacal background is the limiting external stray light component 4 . Likewise, Lightsey et al. have concluded that the natural background from the zodiacal dust is the dominant external stray light source for visible and NIR background for the L2 space environment further from the Earth 2 , where contributions from the Earth and Moon shine and from bright point sources near the field of view were shown to be at least an order of magnitude less than the in-field background of the zodiacal sky 5, 7 . For IR observatories or sensors, minimization of internal thermal background emission often requires telescope and detector operation at low temperatures down to 10's of Kelvins. Cooling to 100 K ambient operating temperatures keeps stray light contamination from total self-emission IR light levels less than the stray light from the zodiacal background, except for mid-IR wavelengths >10 µm 7 .
The background flux from the zodiacal sky originating from outside an observatory, onto an observatory detector, can provide a useful figure of merit for comparison with the background produced by electron-induced emission from components within the observatory 2, 4, 6 . The spectral radiance of the zodiacal background at 1AU near the south ecliptic pole is 8·10 -14 6 . The flux of light from distant sources such as the zodiacal background at a particular wavelength onto a detector is generally just the zodiacal radiance times the field of view times the area of the primary mirror times the overall efficiency of the telescope plus detector. We should note however, that while in-field light from distant sources can travel unobstructed along the optical path, this is not necessarily the case for light which can be emitted from structures within the observatory when exposed to incident electrons. The location and size of light emitting structures, effective baffling, and the use of low scatter optics can greatly reduce the effect of such internal sources of stray light. However, as a fiducial 'faint source', the zodiacal sky radiance, even without these other considerations, provides a useful reference value. The intensity of light emissions for a given incident electron flux are presented here as absolute spectral radiance values. In essence, this provides direct comparison of the faint background from a distance source seen by a detector to emission from an area of a distance emitting material subtending a similar solid angle in a similar wavelength range. The specific effects for each observatory must be accounted for through additional calculations of an effective spectral radiance, which incorporates the efficiency with which a specific observatory detector captures emission from a specific internal material source.
Typical space plasma environments have electron energy spectra extending from 10's of eV up to ~1 MeV with integrated fluxes of <0.01 pA-cm -2 to >10 nA-cm -2 1,8 . Environmental electron fluxes exhibit a wide variance due to storm conditions, stochastic variability and changes due to the orbit of the observatories 8 . However, a reasonable estimate of incident electron power in severe space weather storm conditions for typical environments is on the order of 10 µW-cm -2 (i.e., 10 nA-cm -2 and 1 keV or 1 nA-cm -2 and 10 keV); this provides a scaling factor for comparison of electron-induced optical emissions observed in the experiments described below to realistic space conditions. More realistic calculations can be made using an average indecent electron power appropriate for a specific observatory; even better is to calculate emissions based on integration over a differential electron flux as a function of incident power 1, [12] [13] [14] .
We review laboratory electron irradiation experiments we conducted to investigate the diverse electron-induced optical and electrical signatures observed in tests of several space observatory materials at low temperature. Various experiments measured electron-induced absolute photon emission yields and photon emission spectra, arcing rates and location, transport and displacement currents to a rear grounded electrode, and absolute electron emission yields. Numerous arcing events were observed (particularly at lower temperatures), consistent with enhanced charge accumulation due to lower conductivities at low temperature. Three types of light emission were also observed: (i) shortduration (<1 s) arcing, resulting from electrostatic discharge; (ii) long-duration continuous emission present as long as the electron beam was on, called cathodoluminescence; and (iii) intermediate-duration (~100 s) glow-termed "flares"-that dissipated exponentially with time after infrequent and rapid onset. We discuss how the electron currents and arcing-as well as light emission absolute intensity and frequency-depend on electron beam energy and flux, deposited power, and material temperature and thickness. The different bulk and composite insulating materials studied provide examples of thin, thick, and multi-thickness dielectrics that can be modeled with the same simple approach to predict the dependence of light emission that might be encountered in space applications.
EXPERIMENTATION
Experiments measured the electrical and optical response of sample materials bombarded with a beam of electrons. Experiments were conducted in the main Utah State University electron emission ultrahigh vacuum test chamber 10 , which had been modified for observations of low intensity UV/Vis/NIR glow over a broad range of sample temperatures 11 . Figure 1 provides a schematic of the experimental system used. Measurements were conducted from <40-290 K, using well-characterized, low-flux electron beams to deposit electrons near the sample surfaces. Details of marc aweci, the experimental set up; electron sources and beam characterization; optical detectors, methods, and calibration; the sample mounting carousel and thermal stage; and a general schematic of the experimental system used are given by Dennison et al. 10 . Additional details of the thermal dependence of the cathodoluminescence are presented elsewhere 1, [12] [13] [14] . Electron transport, surface voltage data, and electrostatic discharge measurements acquired simultaneously with luminescence data are also reported elsewhere 12 .
Electrons beams with ~50 pA-cm -2 to 1 μA-cm -2 current densities and 0.2 keV to 30 keV energies were directed on to the samples. The defocused beam profiles at the sample were uniform to about ±30% over an ~3 cm diameter beam. Beam fluxes were measured before and after each experiment with a Faraday cup and were stable to within approximately ±5%. The filaments of the electron gun also produced light that was visible on the sample. A small bright spot near the center of the sample from the blackbody radiation of the ~1700 K LaB 6 filament of one of the electron guns is visible in many of the images shown in Figs. 2, 3, 4 and 7; this spot provides a roughly constant 20 pW-cm -2 signature that is useful for comparison. For the brighter W filament (~2500 K) used in another electron gun, the intensity of the filament spot on the sample was larger than the observed luminescent signals. To minimize this contaminating filament light, a blocking aperture was developed, which reduced the stray light contamination seen by the optical cameras to acceptable levels 3 .
Two cameras and two fiber optic spectrometers were used to monitor low light intensity. Optical data were collected using UV/Vis and NIR spectrometers, an SLR CCD still camera, a Vis/NIR image-intensified CCD video camera, an InGaAs NIR video camera, and a mid-IR InSb video camera. For each optical detector, the absolute spectral response and wavelength range were determined and the sensitivity was calibrated with NIST traceable sources prior to the luminescence studies 11, 13 . Specifications and sensitivities of the optical and electron detectors used for the studies reported here are summarized in Table 1 .
A wide variety of thin film dielectric and nanodielectric composite samples were tested for the studies described here. These included polyimide films, neat urethane and bisphenol/amine epoxy films, thin optical coatings of disordered SiO 2 1,12-14 , several grades of commercially available high-conductivity carbon-loaded polyimide nanodielectric composites 13, 14 , cyanate ester and urethane epoxy resins in graphite fiber and fiberglass composites 14 , and multilayer dielectric/conductor composites 3 . The 10 mm to 25 mm diameter samples tested for these studies were optically cleaned and underwent a ~12 hr vacuum bakeout at ~390 K and <1 •10 -3 Pa to eliminate adsorbed water and volatile contaminates. The samples were placed in an ultrahigh vacuum chamber (base pressure <1•10 -6 Pa) for >24 hrs to allow for outgassing before measurements were made. The samples were mounted on Cu pedestals with an ~0.5 mm to 1.5 mm gap between the sample and a grounded sample carousel; most samples were mounted flush with the top of the sample carousel. The sample carousels were thermally anchored to (but electrically isolated from) a thermal reservoir. In some experiments, using a combination with resistive heaters and liquid N 2 cryogen, the samples were maintained over a range of temperatures from ~150 K to ~400 K with a stability of ±4 K over typical 2 hr experiment durations. In other experiments from <40 K to ~350 K, a closed cycle He refrigerator system with a stability of ±0.5 K was used 11 . Wires were attached to the samples to collect electrical data during bombardment as well; these results are reported elsewhere 3 .
OPTICAL EMISSIONS
All types of samples studied here exhibited readily observable electrical discharges and luminescence when subjected to electron beam bombardment, as illustrated in Figs 2 and 3. Three types of light emission with simultaneous current signatures were observed: (i) long-duration sustained glow (cathodoluminescence), which persisted as long as the electron beam was on; (ii) short-duration (<1 s) arcing, resulting from electrostatic discharge; and (iii) intermediate duration (~10 1 -10 2 s) emissions termed "flares", that dissipated exponentially with time after infrequent and rapid onset. Images were taken using one of three cameras as noted in the captions: an SLR CCD camera at 30 s/frame with RGB images over 390 nm to 650 nm; an image-intensified CCD video camera at 30 frames/s over 400 nm to 900 nm; and an InGaAs video camera at 60 frames/s over 950 nm to 1700 nm (see Table 1 for instrumentation details.). The incident electron current density and energy and the sample temperature for each image are also noted in the captions.
Sustained glow, arcs, and flares were all detected in the electrometer, oscilloscope, Vis SLR camera, Vis/NIR CCD video camera, and NIR InGaAs video camera; coincidence was almost always seen, except when the signals were below detection thresholds for specific instruments.
Long-duration Cathodoluminescence
Electron-induced glow, or cathodoluminescence, was observed when keV energy electrons bombard certain dielectric surfaces over a wide range of temperatures. Previous studies have observed similar cathodoluminescence in both epoxy resin composites 15 and in disordered SiO 2 films [16] [17] [18] [19] at room temperature; however, little information was available with regard to the temperature dependence of the cathodoluminescence or the absolute magnitude of the emissions. The cathodoluminescence turned on and off with the incident electron beam (with response times of 1 s) and was visible over the full illuminated sample area, as seen in Figs. 2 and 4. The optical emission intensity scaled with deposited electron beam power (see below) and responded to changes in electron beam position and profile on rapid time scales 1 . At higher incident power levels, equilibrium glow intensity was sometimes seen to decrease ~2X due to long exposure of beam, as the accumulated negative surface charge or reduced landing energy increased the electron yield, , toward unity. The incident beam energy is E b . Figure 3 shows that there is excellent temporal correlation between the electrometer data and the video camera spectral radiance curves. Sustained glow intensity or current takes a finite amount of time to reach a fairly steady equilibrium value. There is also a finite decay time seen in glow intensity and current curves after the beam is turned off (see Fig. 3 ). These exponential rise and decay time constants (~10 -1 s) are roughly the same and are believed to be related to filling and release rates of electrons in the trap states of the insulators. Negative currents result from displacement currents to the grounded rear sample electrode and the grounded sample holder, as negative charge from the electron beam accumulates in the trap states of the sample. The magnitude of the sample currents during beam-on times was consistent with a displacement current that resulted as charge accumulated in the sample. The measured rate of surface charging was typically close to the incident beam current density, J b , reduced by the total electron yield of the sample, i.e., .
A more quantitative measure of the cathodoluminescent intensity was obtained from the signal of Vis/NIR CCD and InGaAs NIR video cameras averaged over the illuminated area of the sample, as shown in Figs. 3(b-c) . These plots are given in terms of calibrated absolute spectral radiance for the beam currents, beam energies, and temperatures noted. Simple models propose that luminescence increases linearly with incident power density (beam energy times beam current density) for non-penetrating radiation. For many materials, total luminescent radiance increased with increasing incident beam current and energies at fixed temperature, as seen in Fig. 4 . More correctly, the luminescence increases with deposited power. This explains the complex behavior of the spectral radiance curves with increasing energy seen in Fig. 5 . For the non-penetrating behavior of a bulk cyanate ester epoxy composite material, the spectral radiance increased with increasing electron energy (Note, this curve exhibits saturation effects at higher energies.) In contrast, the spectral radiance decreased with increasing energy for the penetrating behavior of a disordered SiO 2 thin film. The spectral radiance of a high-conductivity carbon-loaded polyimide nanodielectric composite 13, 14 sample was largely independent of absorbed power; it has been proposed that a combination of thick polyimide regions (with nonpenetrating radiation) and thin polyimide layers coating near-surface carbon particles (with penetrating radiation) can produce such a signature nearly independent of incident power 13 .
Measurements for many different materials have determined approximate cathodoluminescent intensities for keV electron bombardment at 10 µW-cm -2 , representative of severe space environments. The most intense emissions were seen for epoxy materials: when compared to the zodiacal background in the visible range bulk urethane epoxy was ~50X more intense, neat bisphenol/amine epoxy films were ~20X more intense, cyanate ester/ graphite fiber composites were ~20X more intense, epoxy/fiberglass composites were ~5X more intense, and urethane epoxy/carbon fiber composites were ~4X more intense 13 . Disordered SiO 2 optical coating emissions were about the same intensity as the zodiacal background 1, [12] [13] [14] . Bulk polyimide samples were ~0.05X as intense as the zodiacal background. High-conductivity carbon-loaded polyimide samples were ~0.5X to ~0.1X as intense as the zodiacal background; lower intensities were observed for higher conductivity types of carbon-loaded polyimide 12, 13 .
Overall total luminescent radiance in the visible range at fixed incident energy and incident flux increased as temperatures decreased. Observations showed about an order of magnitude increase in glow from room temperature down to ~100 K for disordered SiO 2 1,12 and carbon-loaded polyimide 13 materials. A clear change in the intensity and color was seen with the SLR images of disordered SiO 2 films 1, 12 ; as temperature increased, the light emission from the samples became bluer and less red.
Jensen et al have proposed a general model of cathodoluminescent intensity based on band theory of highly disordered insulating materials that largely explains the quantitative data outlined above 1, 12 . A more detailed discussion of the model is given elsewhere 1, 12 . The observed luminescence occurs when an incident high energy, charged particle excites Figure 4 . Cathodoluminescence of cyanate ester graphite fiber composite material. The four images were taken at the electron energies, current densities, and power densities noted in the captions at approximately the same temperature.
Intensity is seen to increase with increasing electron energy and flux. Note the structure in the images resulting from the graphite fiber structure and varying thickness of the epoxy resin a valence band electron into the conduction band. Thus, the photoemission power, P γ , scales with incident electron current density J b , incident electron energy E b , and temperature T, as
. (1) is proportional to the number of electrons excited by the incident radiation through the dose rate (absorbed power per unit mass).
is given as the number areal density of incident electrons times energy per incident electron E b divided by the mass into which energy is deposited :
An energy-dependent correction to the incident flux, , is included in Eq. (2) to account for quasi-elastic backscattered electrons that do not deposit substantial energy. For biased samples, or when excess charge is stored in the trap states, a surface voltage V s results and E b is replaced everywhere in Eqs. (1) and (2) by the landing energy, . Thus, glow intensity may diminish appreciably for highly charged surfaces. For nonpenetrating radiation-where the energy-dependent penetration depth or range is less than the film thickness L-all incident power is absorbed in the material layer and and are linearly proportional to the incident power density, . For penetrating radiation-where -the absorbed power is reduced by a factor of 20 . We assume non-penetrating radiation and incident power well below the saturation range for the calculations considered here, where luminescent intensity increases with increasing incident electron power.
The excited conduction band electron rapidly decays to localized (shallow trapped) states below the mobility edge. A final electron transition, from the short-lived shallow trap states to longer-lived deep trap states is the origin of the emitted photon. Thus, in Eq. (1) is also proportional to the density of available trap states and to their trapping and retention rates. At very high current density, saturation can occur when trap states fill, limiting the number of states electrons can decay into, and leading to . is a material dependant saturation dose rate. This saturation behavior is evident the cyanate ester composite curve shown in Fig. 5 . The dose rates expected in most the space environments are small enough that saturation effects will not be evident..
The thermal dependence of luminescence in equilibrium is proportional to the number of electrons in the conduction band that can fall into the shallow traps ( ) and to the fraction of electrons that are retained in the shallow Figure 5 . Cathodoluminescence spectral radiance versus incident electron energy for three materials at 10 nA-cm -2 electron power density, taken with the CCD video camera. The approximate level of the zodiacal background is shown for comparison.
traps and not thermally excited back into the conduction band leading to radiation induced conductivity 21 , ( ). Thus, . At higher temperatures, where , the thermal energy exceeds the mean energy depth of the shallow traps below the conduction band, , and .
Many common spacecraft and luminescent sensor materials discussed here have broad-but distinct-visible and NIR photon emission spectra characteristic of the material 1, [12] [13] [14] . Similar signatures have been observed in other experiments at room temperature for dielectric materials including cyanate ester and epoxy composites 1, 14, 15 , polyimide, and disordered SiO 2 films 13, [16] [17] [18] [19] . The existence of multiple peaks in the spectra and their complex changes in peak position and intensity with temperature require extensions of the model to include multiple deep trap bands; this has been used to qualitatively explain the observed temperature dependence of spectra of disordered SiO 2 coatings down to 40 K 1,12
Short-duration Arcing
Dielectrics exposed to electron fluxes exhibited numerous short-duration (<1 s) optical emissions due to electrostatic discharge or arcing events, as shown in Fig. 2 . In almost every case, both high speed electrical and optical signatures were evident at the same times, as shown in Figure 3 . Figures 6(a-f) show typical arc intensity curves as a function of time for oscilloscope, electrometer, CCD video camera, and InGaAs video camera measurements from small discharge areas of 1 mm 2 (occasionally up to the full sample area of ~1 cm 2 ). The arc profiles typically have very rapid rise times, followed by an approximately exponential decay 22 . Decay time constants observed for many individual arcs and from many different materials are fairly consistent for each individual instrument, but vary substantially from instrument to instrument (oscilloscope: 10 -7 s to 10 -5 s; electrometer: 10 -2 s to 10 0 s; CCD camera: 10 -2 s to 10 -1 s; InGaAs camera: 10 -2 s to 10 -1 s). In general, the oscilloscope data exhibited much faster response, with nanosecond rise times and widths as short as a fraction of a microsecond 22 . The longer time constants exhibited in the other instruments are most likely the result of instrumental broadening and sample capacitance. Acquisition of continuous oscilloscope data at nanosecond intervals over hour-long experiments however is prohibitive, requiring that one establish trigger thresholds a priori or take data using slower detectors. These response times longer than the arc duration cause the slower instruments to record a signal averaged over the slower response times; the different response times for different instruments (see Table 1 ) makes cross-comparison of absolute peak amplitudes and power in the arc discharge curves from different instruments difficult. However, for most of the lower amplitude arcs, estimates of electrical power dissipated by arcs measured simultaneously with oscilloscope and electrometer agree within an order of magnitude.
Data presented in this article were acquired for 1 cm diameter samples held in grounded metal sample holders with 0.5 mm to 1.5 mm gaps between the sample and holder. Many of the arcs were confirmed in images to be across these gaps; see for example Figs. 2, 3 and 7. Analysis of individual frames of camera data (see Figs. 4 and 7) allowed determination of the location of each arc, with a spatial resolution of <100 μm, as (almost exclusively) in the high electric field region in the gap between the sample edge and adjacent electrically isolated grounded sample holder. Often "hot spots" were observed where repeated arcs occurred, presumably as a result of higher local electric fields due to sample imperfections or asperities. The time evolution of the average intensity in individual frames of camera data (after background subtraction from dark regions) was used to monitor behavior for three separate regions (sample surface, edge, and a weak glow from the light emanating from the LaB 6 filament of the electron gun at ~1700 K; refer to Fig. 4.) . These intensity curves were larger for the edge regions, confirming the spatial locations of the arcs.
Surface arcs away from sample edges were seen where the separations between dielectric and conducting regions were less than the gap distance such as in: (i) thin film dielectric samples (e.g., disordered SiO 2 coatings in Fig. 2 1,12 ; (ii) thin conducting layers (e.g., SiO 2 /conductor multilayers 3 and floating conducting Au layers on epoxy composites in Figs. 2 and 7); and nanodielectric materials (e.g., carbon-loaded polyimide in Fig. 2, 3 and 7 13 and carbon-fiber composite materials in Fig. 2) . In some instances, such as shown in Fig. 7 of a composite material with an ungrounded 0.1 µm Au/Cr coating on an epoxy resin fiberglass and carbon fiber composite substrate, comparison of optical microscope images of the sample surface before and after electron bombardment showed damage sites at locations of visible arc events. Numerous damage sites from arcing are evident on the exposed sample, including the ~250 µm diameter features identified with the arrows. For this specific system, up to 2% of the area of the surface coating was ejected in ~ 1 hr of electron beam exposure. Even for a specific material of constant size and configuration, arc intensity variations of several orders of magnitude are not uncommon. The increased negative currents observed in most (but not all) cases were indicative of rapid dissipation of accumulated electrons from within the insulating regions of the material to the grounded sample holder. A counterexample was arcing for disordered SiO 2 samples subjected to 200 eV electron flux; at these incident energies below the second crossover energy the surface charged positively and the direction of the arcs was reversed 3 . Current spikes from such ~1 µs arcs typically have ~10 -1 nA to 10 2 nA amplitude as measured with slower electrometers and ~10 -3 nJ/arc to 10 3 nJ/arc. Arc power may be expected to scale roughly as the area of the discharge area 24 . Very intense arcs from large 60 m 2 solar arrays have been estimated as up to ~0.1 J/arc 4, 22 ; scaling with area this is ~200 nJ/arc-cm -2 , a value consistent with the more intense arcs for the 1 cm diameter samples discussed here. Often, however, not all the InGaAs camera (900nm-1700nm) sample area discharges in a single event, leading to arc power that increases sub-linearly with area.
Figures 6(f) and 6(g) show the dependence for electrometer data of arc rate and average arc rate scaled by beam current density (or equivalently, number of arcs per deposited charge density) on beam energy over an incident power density range of 10 -7 W-cm -2 to 10 -4 W-cm -2 . These graphs suggest that arc rate is proportional to both deposited charge density and deposited power density. The measured arcs per deposited charge density from the extreme electrometer profile in Fig. 6 (e) at ~4·mW/cm 2 is approximately the same as in Figs. 6(f) and 6(g), suggesting that for this specific scenario arc rate is proportional to incident power density over 4 orders of magnitude. Figure 7 . Typical signature of an arc event (lower right corner) for a high-conductivity carbon-loaded polyimide sample exposed to ~110 µW-cm -2 electron power density (5 nA-cm -2 at 22 keV) at 135 K shown as a sequence of InGaAs video camera images at 60 frames per second. Note the small brighter spot from the blackbody radiation of the LaB 6 filament of the electron gun near the center. . . In general, arc rates for a given charge deposition rate were lower for more conductive materials, which allowed greater charge dissipation. Limited measurements for three types of carbon-loaded polyimide samples with conductivities of 10
(b)
-5 (Ω-cm) -1 and 10 -7 (Ω-cm) -1 , found arc rates increased ~10X with decreasing conductivity at comparable incident energies and current densities 13 . Measurements for epoxy composite materials 14 and disordered SiO 2 coatings 1,13,14 made from <40 K to 290 K confirmed that lower temperature samples, in general, showed larger arc rates. The dark current and radiation induced conductivities in polyimide and epoxies are several orders of magnitude lower at the lower temperatures 23 , leading to reduced charge dissipation and enhanced charging and electrostatic discharges at these lower temperatures.
Measurements of optical emissions from arcs have been readily observed with UV/Vis/NIR CCD, NIR InGaAs, and mid-IR InSb video cameras over wavelength ranges of <200 nm to >4 μm 1,12,13 (see Fig. 2 ). Arc rates and magnitudes vary greatly with material and sample geometry, however approximate values are presented here for comparison with the cathodoluminescence emissions presented above. Typical measurements of visible arc signatures from the ~1 cm 2 samples of carbon-loaded polyimide and disordered silica films found arcs that were ~10-1000 times the cathodoluminescent intensity with <1 μs duration, ~0.5-5 nA amplitudes, ~1 nJ dissipated energy, and ~0.1 arcs per J/m 2 or 10 arcs per hr from a 25 keV electron beam at 1 nA/cm 2 . Arcs from bulk cyanate ester epoxy composite samples were 1 to 2 orders of magnitude larger, at about 1 order of magnitude higher arc rate.
As might be expected for short-duration arcs, the optical emissions cover a very wide range of frequencies. High frequency arc signatures from arcs on solar array samples, in radio frequencies from 20 kHz to 1 GHz (0.3 m to 20 km), have also been observed with antennas near carbon-loaded polyimide samples exposed to an electron beam 22, 25 . Leung measured arcs on solar array samples with rise times of ~20 ns and the fall times of ~300 ns; corresponding roughly to frequencies ~5 MHz to 50 MHz with frequency content at >50 MHz in higher order harmonics 22 . Although the radio frequency emission falls off rapidly with decreasing wavelength (The electric field strength falls off by about 75 dB from 1 MHz to 1 GHz.), these emissions can be intense as compared with background emissions 4 . The radio emissions from large arcs are much brighter than the reflected solar radio emissions, even in direct sunlight. Even at 1 GHz, the emitted radio frequency fluxes are similar to those seen in solar radio outbursts 4 .
Intermediate-duration Charging/Discharging
Intermediate-duration emissions termed "flares" have occasionally been observed in polymeric dielectric materials under prolonged electron bombardment. Flares have been seen in polyimide films, neat urethane and bisphenol/amine epoxy films, carbon-loaded polyimide 13, 14 , and cyanate ester and urethane epoxy resin composites 13 , as shown in Fig. 2 . Flares have not been observed in disordered SiO 2 coatings 1 . The features are seen simultaneously in current and Vis and NIR spectral response curves (see Figs. 4 and 9) . Observations with cameras equipped with filters showed that most of the emission from flares is in ~300 nm to ~1000 nm wavelength range. The optical emissions tend to emanate from the full charged surface, suggesting they are related to charging and dissipation over large areas. Flares are infrequent (typically 1 to 2 flares/hr) and have only observed in long runs after 20 min beam exposure, which suggests the necessity for substantial charging within the sample before flares can occur.
Flares have abrupt onset rise times (<0.1 s), believed to be associate with a rapid discharge. Flares (usually) have an arc event associated with their instigation, although the origin of such large arc triggers is not known. Flares also exhibit very long times (~10 1 -10 2 s) for the currents or spectral radiance to return to pre-flare equilibrium values associated with sustained glow. The response for individual flares between the abrupt onset and long-term decay is complex and can vary from one flare to the next.
Too few flares have been observed to accurately determine the flare dependence on current density, charge fluence, beam energy, or deposited power. Flares do seem to occur more frequently for higher energies. Roughly speaking, the spectral response and electrometer currents (~1-100 nA amplitude with <1-10 µJ) of flares are ~2-20X that observed for typical sustained glow; power from flares is typically ~5% to 20% of cathodoluminescent power.
CONCLUSION
Three types of electron-induced optical emissions were observed in a variety of dielectric spacecraft materials:
(i) long-duration cathodoluminescence, which persists as long as the electron beam is on; (ii) short-duration (<1 s) arcing, resulting from electrostatic discharge; and (iii) intermediate-duration (~100 s) glow-termed "flares".
We described how the electron currents and arcing-as well as light emission absolute intensity and frequency-depend on incident electron beam energy, flux, and power, and on material composition, temperature and thickness for different bulk and composite insulating materials. A general theory for emission cathodoluminescent intensity, based on the disordered band structure of the materials, has been proposed that describes the basic observations for these systems 1, [12] [13] [14] . Because the arcing rate and discharge magnitude depend so much on the specific geometries and conditions, it is difficult to estimate the arc emission intensity without custom testing for specific missions and conditions 24 . Ferguson et al. discusses the remote observation of these optical emissions, with comparisons of their intensities to background light in the LEO and GEO space environments 4 .
Based on the studies described in this paper, we conclude that the designers of space-based observatories should consider space environment electron-induced optical emissions as potential local sources of stray light. However, a number of factors will determine how significant these contributions will be, and these factors will generally be mission specific. To determine the magnitude of electron-induced optical emissions from observatory components for a specific space-based observatory situation requires knowledge of 1 : (i)
The observatory electron environment, and specifically the electron differential electron flux spectra; (ii)
The differential electron flux spectra reaching specific optical component that may cathodoluminesce or arc; (iii)
The effectiveness of the optical system in capturing the optical emissions, including the juxtaposition of the luminescent elements to the optical path; (iv)
The specific thickness of the material, particularly as related to the energy-dependant penetration range of incident electrons; (v)
The temperature of the material; (vi)
The specific composition of the material, as well as surface morphology and contamination; and (vii)
The charge storage and transport properties of the material, including changes of conductivity with electric field, temperature, and dose rate.
Numerous factors have been determined which enhance the impact of these emissions and should also be taken into consideration in future observatory designs. These include: (i) high flux and high variability environments; (ii) high sensitivity imaging; complex, sensitive optical systems and electronics; (iii) low temperature operations which reduce thermal emissive background from observatory components and decrease conductivity thereby enhancing charge accumulation and discharge; (iv) large areas of dielectric materials that can produce optical emissions; (v) open architectures and minimal shield that expose materials to greater electron fluxes; (vi) long-duration missions that permit extended charge accumulation; and (vii) remote and long-duration missions that preclude system maintenance.
